INTRODUCTION
Along the Andean belt, the post-orogenic Pliocene-Quaternary magmatism is relatively well documented, especially in Chile and Peru (for example, Thorpe and others, 1982) . Few data are available, however, for the older, pre-collision magmatic episodes (Chile: Bruhn and others, 1978; Saunders and others, 1979; Dalziel and others, 1974; Peru: Atherton and ; others, 1983; and Colombia: Marriner and Millward, 1984; Millward and others, 1984) . The Andean belt has been divided, according to the type of pre-collision magmatism, into two main segments (Aubouin, 1972; Mégard, 1986) : (a) the Northern segment, called "Cordilleran Andes," marked by the presence of oceanic volcanic rock types composing accreted terranes and (b) the Central and Southern segment, called "Liminal or Marginal Andes," where the Mesozoic volcanic rocks were mainly emplaced on a continental basement. In this context, Ecuador is particularly interesting because it is located at the transition between these two main segments. The purpose of this paper is to present new geochemical data on the pre-collision volcanics in Ecuador and to discuss their geodynamic implications.
The Ecuadorian Andes are largely composed of igneous rocks of late Mesozoic to Tertiary age, part of which rest on an older basement. Basic to intermediate volcanic and plutonic rocks of Cretaceous to Eocene age crop out extensively in the coastal area and the Western Cordillera (Fig. 1 ). The occurrence of pre-collision volcanic rocks was first noticed by Wolf in .
1892 and was later divided into units by Tschopp (1948) and Sauer (1950). More recently, the geology and petrology of the rocks have been described by Goossens and Rose (1973) , Henderson (1979) , and Feininger and Bristow (1980) .
The studied samples were collected from the three major pre-collision magmatic units in Ecuador, namely the Piíí6n, Macuchi, and Celica Formations (Direccion General de Geologia y Minas, 1982; Bristow and Hoffstetter, 1977) . Samples of basic effusive rocks from Cabo San Lorenzo and neighboring coastal areas that are associated with Cretaceous sedimentary rocks were also included in the study as a separate unit, the San Lorenzo Formation. The distribution of the various formations is shown in Figure 1 .
The Pi6n and San Lorenzo Formations
The Piíí6n Formation (Tschopp, 1948; Bristow and Hoffstetter, 1977) comprises mostly pillow lavas and associated hyaloclastites as well as massive dolerites that form a dense net of dikes and sills. Cumulate gabbros are associated with Piíí611 dolerites in a hill 3 km northeast of Cerro de Masvale (area 3 in Fig. 1 ). North (8 km) of Guayaquil, isolated outcrops of peridotites, among them the Pascuales harzburgite, are also considered to be part of the PiÍí6n Formation (Goossens, 1968; Goossens and others, 1977) . The pillow lavas range from aphyric to porphyritic, containing phenocrysts of plagioclase and subordinate augite set in a matrix composed of plagioclase, clinopyroxene, and Fe-Ti oxides. Massive fine-grained dolerites contain the same mineral phases but display intersertal or ophitic texture. Pervasive hydrothermal alteration and mineralization (Fe-Cu sulfides) are common in the Piíí6n basalts and dolerites, and low-grade metamorphism of zeolite, pumpellyite-prehnite, and in some cases greenschist facies has also been reported (Lebras, 1985) . Goossens and Rose (1973) Table 2 . DGM = Dolores-Guayaquil megashear, dotted line indicates approximate location.
igneous complex of the coastal area and the Western Cordillera of Ecuador and, along with Feininger and Bristow (1980) , interpreted it to be a segment of oceanic floor. Henderson (1979) , however, considered this formation to be a part of the volcanic arc which in a more developed form, continues as the Macuchi Formation to the east. The K/Ar ages of 113 f 10 and 107 5 15 my. obtained for the Piñón rocks (Kennerley, 1980) are compatible with foraminiferas and Inoceramus from the base of the overlying sedimentary Cayo Formation, which indicate an age ranging between Cenomanian and Maastrichtian (Faucher and Savoyat, 1973; Bristow and Hoffstetter, 1977) . Most of the Cayo Formation consists of turbiditic series comprising thick debris flows including blocks, cobbles, and pebbles of volcanic rocks ranging from basic andesites to rhyolitic welded tuffs. Shales and cherts of Maastrichtian age form the top of the Cayo Formation, and its total thickness reaches 3,000 m. It is disconformably overlain by the middle to upper Eocene San Eduardo Formation, consisting of reworked reefal limestones (Bristow, 1975; Bristow and Hoffstetter, 1977) .
The basic rocks that are grouped here under the informal name "San Lorenzo Formation" are basaltic dikes, sills, and flows, the latter comprising pillow basalts. Petrographically, they resemble equivalent rocks from the Piñón Formation, although they may also contain orthopyroxene and quartz in the groundmass. These rocks are less metamorphosed and hydrothermally altered than are the Piñón basalts and dolerites. They yielded K/Ar ages of 87 -f 10 and 66 i 5 my. (Kennerley, 1980) , and plagioclase from the pillow basalts of Cabo San Lorenzo has been dated at 72.7 f 1.4 m.y. by the 39Ar/40Ar method (F. Féraud, 1984, personal commun.) . These ages and the fact that the San Lorenzo basalts are locally emplaced into sedimentary rocks of Danian age suggest that they should be designated as a separate formation.
In most places, the Piñón, Cayo, San Eduardo, and San Lorenzo Formations are only slightly tilted, but in a few outcrops east of the Guayaquil Gulf (or Guayas River), the Piñón and Cayo Formations are strongly sheared and locally cleaved (for example, area 3 in Fig. 1) .
The Macuchi Formation
The pre-collision volcanic rocks of the Western Cordillera were also considered to be part of the Basic igneous complex (Goossens and Rose, 1973) . Later, Henderson (1979) postulated that these rocks belong to a discrete island-arc suite called the "Macuchi Formation."
The Macuchi Formation (Henderson, 1979; Feininger and Bristow, 1980 ) includes lavas ranging from basalts to dacites, as well as associated volcaniclastic rocks, tuffs, and, in many cases, fine-grained sedimentary rocks containing Senonian faunas. The basaltic rocks are fine grained: usually aphyric, composed primarily of plagioclase, augite, and subordinate Fe-Ti oxides. More evolved rocks (andesites and dacites) are porphyritic, containing phenocrysts of plagioclase, hornblende, and/or augite in a fine-grained matrix also containing Fe-Ti oxides. Biotite, quartz, and Kfeldspar are present in the more differentiated rocks. These rocks are generally affected by burial metamorphism of zeolite, pumpellyiteprehnite, and greenschist facies (Aguirre and Atherton, 1986) . The Macuchi Formation is predominantly overlain by flysch series which are Maastrichtian to Paleocene in age (Faucher and Savoyat, 1973) . At latitude I'S in the Western Cordillera, however, Eocene reefal limestones are both intercalated with and overlie the Macuchi volcanic assemblages, suggesting that the Macuchi island arc was active up to the Eocene (Henderson, 1979) . The arc was probably the source of the volcanic debris flows included in the coeval Cayo Formation. The Macuchi Formation also includes slivers of various sizes caught in the suture zone between the Macuchi island arc and the continent.
These slivers have been interpreted as dismembered ophiolites and consist mostly of mid-ocean ridge basalt (M0RB)-type rocks which are intercalated with thin layers of silicified shale, but they also include peridotites and layered gabbros intruded by dolerite dikes that crop out 20 km Southwest of Quito (Juteau and others, 1977) . The basalts are commonly aphyric and contain plagioclase and pyroxene as principal constituents and Fe-Ti oxides in subordinate amounts. Most of the rocks suffered metamorphism of greenschist facies grade.
The Macuchi Formation and associated sedimentary rocks either dip regularly to the east or are affected by north-south open chevron folds. Upright chevrons that have wave lengths of a few hundred metres and the associated axial-plane fracture cleavages are common in the Upper Cretaceous flysch. Penetrative deformation is present only near the major faults and thrusts.
The Celica Formation
The Celica Formation (Feininger and Bristow, 1980) consists of volcanic rocks which belong to an intracontinental arc in northwestern Peru and southwestern Ecuador. They comprise mostly lavas and pyroclastic flows of andesitic composition. Scarce basalts, dacites, and rhyolites are also present. The andesites and dacites are porphyritic and have phenocrysts of plagioclase and rare hornblende and microphenocrysts of clinopyroxene and abundant Fe-Ti oxides. In addition to these minerals, quartz is present in the groundmass. The rocks of the Celica Formation were affected by zeolite, pumpellyite-prehnite, and greenschist facies metamorphism. The Celica Formation is equivalent in age to the Aptian sandstones, middle Albian limestones, and Senonian to Campanian flysch series that are widespread in the Lancones-Celica basin of southwestern Ecuador and northwestern Peru (Fig. 1 ). Granitoid plutons with K/Ar ages of -110 my. (Kennerley, 1980) intrude Celica volcanics and so the age of the formation could be partly Neocomian. In the geologic map of Ecuador (Direccion General de Geologia y Minas, 1982), the Celica Formation is restricted to an area south of the east-west Jubones fault (3'20's). However, we also include in the Celica Formation ( Fig. 1 ) similar volcanic rocks that crop out (i) in the upper slopes of the Western Cordillera between the Jubones fault and 2's and (ii) in the wdern part of the Eastern Cordillera, where they consist of pillow lavas and volcanic breccias intercalated with slates and metaquartzites.
ANALYTICAL METHODS
Fifty-nine volcanic rocks were analyzed, by atomic absorption, for major elements and for Li, Rb, Sr, Ba, V, Cr, Co, Ni, Cu, and Zn.
Forty-nine rocks were selected from this set for determinations of rareearth elements (REE'S) Th, Hf, and Sc by instrumental neutron activation and Zr, Y, and Nb by X-ray fluorescence. The precision and accuracy of the analytical methods were described by Dostal and Dupuy'(1984) . In general, the precision of the data is better than 10%. The major-and trace-element composition of 12 representative samples is given in Table 1 , and their locations and short descriptions are listed in Table 2 . Chemical analyses of other samples can be obtained upon request from the GSA Data Repository.'
ALTERATION EFFECTS
Major and trace elements are mobile during low-grade metamorphism, and the effects of such a secondary process are well documented (for example, Condie and others, 1977; Hellman and others, 1979; Dostal and others, 1980) . In most of the analyzed samples, the primary magmatic assemblage is modified by low-grade metamorphism, mostly of zeolite facies grade. In some samples, metamorphism is of pumpellyite-prehnite facies, whereas greenschist facies with actinolite is locally present in the PiííÓn and Macuchi Formations.
In addition to petrography, evidence of the influence of alteration is provided chemically by high LOI and by the presence of normative nepheline in the albitized samples. The relative mobility of some elements is made apparent by a comparison of the contents of trace elements in samples 8264 and 8253 (Table 1) ; strongly altered sample 8264 has Significantly higher K and Rb and lower Ca and Sr values. This sample has slightly higher values for light REE's (LREE's), but compared with 8253, the abundances of all other incompatible trace elements are within the range of analytical error. In the Macuchi Formation, sample 82122, with vesicles containing quartz, calcite, and chlorite, is depleted in most trace elements, including REE's, Sr, and Ba, and displays a REE pattern marked by a LREE enrichment (Fig. 2C) .
With the exception of a few most altered samples, only the abundances of alkalies, and occasionally also Sr and Ba, were significantly affected by low-grade metamorphism. The other elements do not appear to be affected by secondary processes. (Table 3 ) also indicate affinities with depleted MORB (Saunders and others, 1979) . The geochemical patterns of the rocks (Fig. 3) resemble those of some MORB and are characterized by an enrichment of Nb relative to moderately incompatible elements (Zr, Hf, and Sm).
'The
Rocks with Volcanic-Arc Affiiities: San Lorenzo Formation. This group of rocks (Table 1) differs from the previous group in several respects. Compared to the MORB-like samples, the rocks are more differentiated with higher Si02 concentrations and higher normative quartz and have low Ti/V ratios (~2 0 ) . The low Ni and Cr content is typical of orogenic volcanic rocks (Gill, 198 1) whereas the incompatible elements are enriched. The chondrite-normalized REE patterns (Fig. 2B ) display LREE enrichment with La/Yb = 4-5. Such patterns have been recognized in three different geologic settings: intracontinental (Dupuy and Dostal, 1984) , oceanic floor (Wood and others, 1979) , and island arc (Jakes and Gill, 1970) . The first environment may be eliminated on the basis of the low Ti/Y, NWY, and Zr/Y ratios in the studied samples. Although the Th/La ratio (<0.13) is low and similar to that of oceanic basalts, ratios such as La/Nb and Th/Hf (Table 3) are relatively high and tend to be more characteristic of subduction-related basalts (Saunders and others, 1979). Their MORB-normalized trace-element pattern (Fig. 3) is typical of volcanic-arc settings, with an enrichment of Th relative to the elements from the segment between Ce and Yb and a distinct negative Nb anomaly (Gill, 1981) . There is some similarity between this group and back-arc basin basalts such as those from the Sarmiento ophiolite complex (Saunders and Tarney, 1979). The latter, however, has features which are transitional between MORB and IAT whereas the studied samples have characteristics of IAT.
Macuchi Formation
In the Macuchi Formation, at least two rock types have been identified on the basis of major and trace elements. The first type includes rocks that have MORB affinities and that are located at the base of the formation or form elongated tectonic slices in the suture zone parallel to the grain of the Cordillera. The second type comprises rocks with volcanic-arc affinities which form the main component of the Western Cordillera. Rocks with MORB Affinities. These rocks have basaltic composition with hypersthene in their norm. They display an increase of Ti and V during differentiation and a Ti/V ratio (19-30) characteristic of MORB (Shervais, 1982) . As in the coastal area, these basaltic rocks have undergone low-P fractionation marked by crystallization of clinopyroxene and plagioclase as shown by the negative Eu anomaly (Fig. 2C) and a sharper Cr decrease compared to Ni during differentiation. With the exception of sample 82122 which is altered and partly cumulative, all of the basalts display subparallel REE patterns (Fig. 2C) with a slight depletion of LREFs (Lamb < 1.4). Ratios involving large-ion-lithophile elements (LILE'S) and high-field-strength elements (for example, La/Hf, Th/wf, and La/Nb) are low (Fig. 3) and characteristic of the T-type MORB (Sun and others, 1979) . These rocks are very similar to some volcanic rocks from the coastal area and also to Colombia Cretaceous tholeiitic volcanic rocks (Millward and others, 1984; Marriner and Millward, 1984) , as is evident from the REE patterns (Fig. 2C ) and various trace-element ratios ( Table 3) .
Rocks with Volcanic-Arc Affinities. These rocks occur on the western side of the suture over the entire Macuchi Formation (Fig. 1) . Compared with the previous group, these rocks display a large range of composition (50%-67% Sioz), and all have normative quartz. Ti does not show any significant variation during differentiation whereas V tends to decrease with the increase of Sioz. The corresponding Ti/V ratio in basalts is low and ranges between 14 and 18. All of these features are typical of IAT. Additional evidence for such affinities is the low and relatively constant [Mg] value and the depletion of Cr and Ni content, with V/Cr > 7 and Ni/Co of -1.
The REE patterns (Fig. 2D) display a lack of heavy-REE fractionation and an enrichment of LREE's with La/% between 2 and 5. Negative Eu anomalies are found only in acid andesites. The Zr, Hf, and Nb contents are relatively low in this group, and the La/Nb and Th/Hf ratios are higher than those of MORB but typical of volcanic-arc rocks (Bailey, 1981) . The geochemical pattern of these rocks (Fig. 3) , characterized by a distinct negative Nb anomaly, strongly resembles that of some rocks of the coastal area which have volcanic-arc affinities. Compared to the Tonga tholeiites (Ewart and others, 1977) , their LILE contents tend to be higher but very similar to those of New Hebrides volcanic rocks (Dupuy and others, 1982) , which are transitional between IAT and calc-alkalic islandarc rocks. 
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Celica Formation
With the exception of sample Ec 70, which has the composition of a high-alumina basalt, all of the volcanics are andesites that have a Sioz content between 56% and 60% and that have quartz in their norms. They are characterized by high Al and Ca and low Mg and Ti. Most samples have FeO,,,/MgO < 2.8 and can be classified as medium-K andesites (Gill, 1981) on the basis of their K20 content, which ranges between 1.4% and 2.0%. The transition elements, particularly Cr and Ni, are depleted, with Ni/Co < 1 and V/Cr > 3. These values are typical of calc-alkalic andesites (Taylor and others, 1969) . The abundances of the most incompatible elements, including Sr, Ba, and Rb, and some element ratios such as Zr/Nb (Table 3 ) are comparable to those of medium-K andesites. The exception is Th, which is enriched in the studied samples. The Th/La ratio is also relatively high and close to that of recent Andean andesites. The REE patterns (Fig. 2E) show an enrichment of LREE's, with La/Yb between 6.4 and 9.5 and fall within the range of continental island-arc andesites (Bailey, 1981) .
This suite has geochemical features intermediate between island-arc calc-alkalic andesites and typical continental-margin andesites (for example, Dostal and others, 1977) . They closely resemble andesites emplaced on a moderately thick continental crust such as those found in New Zealand (Ewart and others, 1977) or in some parts of the Chilean Andes (Deruelle, 1982) . It is noteworthy that the few available data on recent andesites from Ecuador (Hawkesworth and others, 1979) show a resemblance to those on the studied rocks. The boundary between the two areas is a major north-northeasttrending suture. Near the Equator, it is located between the continental crust underlying the town of Quito (Bruet, 1949 ) and the ophiolite complex 20 km farther southwest. This slice parallels the suture and extends for at least 100 km southward as suggested by north-south-trending residual positive gravity anomalies that are conspicuous in the gravimetric map (Feininger, 1977) . Along the EI Triunfo-Canar cross section at a latitude of 2'30% and farther southward, the suture lies between the Macuchi volcanics to the west and steeply eastward-dipping basement rocks (Servicio National de Geologia y Mineria, 1969) which underlie the Celica volcanics to the east. The dip of the suture (60' to 80' east) can be *i deduced from a few large upthrusts that run closely parallel to it (Juteau and others, 1977; Lebras and others, 1985) . The generalized cross section of Figure 4C , based on available data, suggests that the buoyant Macuchi island arc and adjacent Piñón area were added to the continent by accretion and not by obduction. The accretion process probably began in the Campanian when the Celica arc volcanism died down in southern Ecuador (Feininger and Bristow, 1980) . Unlike the Celica continental arc, the Macuchi oceanic arc continued to be active during the Paleocene and Eocene (Henderson, 1979) . Therefore, the subduction under the Macuchi arc probably continued during and after its collision with the continent, suggesting that an east-dipping Macuchi subduction zone was located west of the arc during the Cretaceous and Eocene. After collision, this subduction zone probably underwent only minor changes in its geometry and finally was connected to that of Peru-Chile. The subsequent activity of this single subduction zone gave rise to the classical Andean Cenozoic magmatic arc. The plate tectonic model proposed for the Turonian to Santonian period (Fig. 4A ) thus comprises two east-dipping subduction zones and is similar to the present state of the Pacific-Philippine sea-Eurasian plates (Uyeda and Miyashiro, 1974; Hirakara, 1981) . The north-south extent of the Macuchi subduction zone in Late Cretaceous times was probably <600 km because the related Macuchi arc disappears south of 3 ' 2 0 ' s and was not recognized by Millward and others (1984) In the proposed model, the Piííón tholeiites of the coast of Ecuador are in the arc-trench gap (Fig. 4) .
The MORB and the periodotites, gabbros, and dolerites found in the steep tectonic slivers stacked in the suture zone may be oceanic rocks formed in a back-arc or a marginal-sea environment. These rocks could also be interpreted, however, as upthrust basement of the Macuchi arc. * Similar structural settings have been described in other areas, particularly in the western United States. The western Sierra Nevada, much like Ecuador, comprises an island-arc assemblage dipping to the northeast and bounded by a northeast-dipping steep upthrust zone which is considered to be a suture. The upthrust block to the east comprises an Andean-type arc and older complexes that represented the western edge of North America in Late Jurassic times. Jones and others (1976) proposed a model very similar to our Ecuadorian scheme to explain its structure. Similarly, Roure and Blanchet (1983) related the Franciscan evolution of northern California and southern Oregon to the simultaneous activity of two parallel subduction zones resulting ultimately in the accretion of an arc along the continent.
Another plate-tectonic model has been proposed for Ecuador by Feininger and Bristow (1980) . According to this model, the Macuchi arc formed along a west-dipping intra-oceanic subduction zone that died out in Maastrichtian times. The arc then drifted northeastward .by slipping along a Dolores-Guayaquil megashear (DGM) until it was thrust under South America before or during the middle Eocene, in an east-dipping subduction zone. This rather complex model fails to explain the continuous volcanic activity of the Macuchi arc from Turonian to Eocene times as documented by Henderson (1979) and Henderson and Evans (1980) , however.
Alternatively, Kennerley (1980) suggested that the Macuchi and Celica arcs are parts of a single arc built upon an oceanic basement in the case of the former arc and upon a continental basement in the latter case; both basements are parts of the South American plate. In this model, there was only one east-dipping subduction zone lying along western Ecuador since the Cretaceous. This hypothesis, however, does not account for the presence of the partly coeval, contiguous western Macuchi island-arc assemblages and eastern Celica intracontinental arc assemblages as documented between 2 ' 2 0 ' s and about 3's ( Fig. 1 and 4C ) nor for the slivers of oceanic rocks,in many cases found between both assemblages. The fact that three markedly different plate-tectonic models have been proposed for the Ecuadorian Andes is mostly due to the limitations of the available information on the geology of this region. A major unanswered question is the time of the initial large dextral displacements along the DGM (Campbell, 1968 ; Case atld others, 1971; andFig. 1). This fault zone is commonly taken to be the boundary between the continental and oceanic lithospheres in the Andes of Colombia and Ecuador (Case and others, 1971, 1973; Feininger and Seguin, 1983) . Feininger and Bristow (1980) asserted that the DGM acted as a transform fault from Santonian to middle Eocene time, when it became inactive, whereas Shepherd and Moberly (1981) considered that the opening of the Gulf of Guayaquil in Miocene to Quaternary time is related to an 80-to 100-km dextral displacement along the DGM. This paper, however, points out that the DGM is distinct from the suture (Fig. 1 and 4C ) and postulates that the megashear is a post-collisional subvertical wrench fault superimposed over the earlier steep suture north of 2OS, probably at the beginning of the Tertiary.
